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ABSTRACT

The AN/SQS-26 sonar system has been analyzed to deter-

mine at what level of element failure the combination of de-

creased signal strength and increased reverberation noise in

the beamformer output causes a system failure to occur. A

system failure criterion was established in terms of a decrease

in the probability of signal detection, relative to a properly

operating sonar. The probability of signal detection was re-
lated to the signal-to-noise ratio (S/N) in the beamformer out-

put so that the failure criterion could be evaluated in terms

of beamformer output S/N. The primary difference between this

effort and previous efforts is that a noise field having rever-

beration characteristics, rather than an isotropic noise field,

was used.
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1. INTRODUCTION

The purpose of this investigation was to determine

the detrimental effects of high side lobes in the transmit and

receive beam patterns of the AN/SQS-26 sonar system and to

establish a criterion for determining when a system failure

has occurred because of high side lobes.

The effect of high side lobes in an isotropic noise

field was previously investigated and reported.1  Therefore,

the current effort was directed at determining the effects

of high side lobes in a non-isotropic reverberation field.

Whenever failures occur in the transducer elements

or associated electronics, changes in the beam pattern result.

In many cases, these beam pattern changes represent decreased

main lobe levels accompanied by increased side lobe levels.

The decrease in the main lobe level results in a decrease in

transmitted energy in the desired direction or a decrease in

receiver sensitivity in the desired direction depending on

whether the pattern is a transmit or receive pattern. The

increase in side lobe levels can cause an increase in the

reverberation intensity or an increased receiver sensitivity

to the reverberation noise field. These two phenomena combine

to produce decreases in the beamformer output signal-to-noise

ratio (S/N).

Tucker, E. A., G. T. Kemp, J. M. Young, W. A. Youngblood,
"Some Redundancy Effects on AN/SQS-26 Performance(U)", TRACOR
Inc., Tech. Memo. 63-233-C, Contract NObsr-89265, 9 Sept. 1963,
(Confidential).
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In this investigation, the approach was to assume

failure of elements or individual channels in a random pattern

across the face of the AN/SQS-26 array and to use an existing

reverberation modeling program to predict the change in signal-

to-noise ratio which would occur at the beamformer output.

A failure criterion was adopted based on the change

in probability of submarine detection which would occur as a

result of element or channel failures. A previous report3

contains charts from which may be obtained the change in proba-

bility of detection occurring with a change in beamformer out-

t* put S/N at a constant clutter rate for the SQS-26 system. From

these charts, it was determined that in most cases, a decrease

in S/N of about 3.5 to 4 dB would cause the probability of de-

tection to decrease from 0.75 to 0.25 at clutter rates of one

mark per second or less. Therefore, a decrease in S/N of 3.7

dB was defined as the system failure level.

2
Fowler, Steve, "Bottom Bounce Reverberation Model and Bottom
Loss Analysis (U)", TRACOR, Inc., Tech. Memo. 66-355-C,
Contract NObsr-93140, 16 November 1966 (Confidential).

3
TRACOR, Inc., "Analysis of Signal Processing and Related
Topics Pertaining to the AN/SQS-26 Sonar Equipment (U)",

AJ- TRACOR Doc. No. 65-336-C, Contract NObsr-93140, 11 October 1965,
(Confidential).

2
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2. FAILURE CRITERION

The major problem in declaring a system failure due

to excessive side lobes is to determine a practical set of
measurements that may be physically made aboard ship which
will indicate that a side lobe failure condition exists. This

study has developed a rationale by which a side lobe failure

can be declared based on a knowledge of failures in the indi-

vidual elements or associated electronics. Failures in the

elements would be difficult to determine by shipboard measure-

ments while underway. However, failures in the electronics

associated with the elements could be determined through ship-

board measurements.

The side lobe failure criterion was based on the de-

crease in the probability of signal detection which occurs
with a loss of elements or associated electronics. A side lobe

failure was defined as that electronic situation which would

cause the probability of detecting a given target to be reduced

from 0.75 to 0.25 in the presence of a reverberation noise

field. Curves presented in a previous report 4 were used to
relate the probability of detection to the S/N at the beamformer

output for the SQS-26. Figures 2-1 through 2-4 show probabil-

ity of signal detection versus signal-to-noise ratio for a

linear correlator operating on FM slide signals with bandwidths

of 30, 100, 200 and 400 Hz respectively.

Figures 2-1 through 2-4 show the probability of

detection to be very sensitive to changes in the input S/N to
the correlator. For example, for an FM slide signal with a

30 Hz bandwidth, a change in input signal-to-noise ratio of

only 4.4 dB will cause the probability of detection to shift

Afrom 0.75 to 0.25 at a clutter rate of one mark per second.

4 TRACOR, Inc. "Analysis of Signal Processing and Related Topics
Pertaining to the AN/SQS-26 Sonar Equipment, op.cit. pp 74-77.

3
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The change in S/N which is required to cause a change
in the probability of detection from 0.75 to 0.25 is relatively
insensitive to the clutter rate for clutter rates between one

mark per second and one mark per ten seconds. Further, Figs.
2-1 through 2-4 show the required change in S/N to be relatively
insensitive to changes in bandwidth. For example, with a 400

Hz FM slide pulse, an incremental change in S/N of 3.2 dB will
cause the probability of detection to change from 0.75 to 0.25
as compared to 4.4 dB for the 30 Hz case.

This illustrates the important characteristic that
although the absolute S/N required for a detection probability
of 0.5 varies for different bandwidths and different clutter

rates, in the region of 0.5, the variation of detection probabil-
ity with changes in the S/N is relatively insensitive to changes

in bandwidth, and is also insensitive to changes in clutter
rates for clutter rates less than one mark per second. There-

fore, as far as the signal processor is concerned, only one
bandwidth and one clutter rate need be used to predict changes

in detection probability as a function of changes in the beam

pattern.

For this study, a bandwidth of 100 Hz and a clutter
rate of one mark per second (Fig. 2-2) were used. The basic

failure criterion used was that a 3.7 dB change in S/N will
change the probability of signal detection from 0.75 to 0.25.

The signal-to-noise ratio for a properly operating
beamformer was used as a reference. For cases simulating im-
proper beamformer operation, changes in the peak response of
the main beam were considered as denoting changes in the signal

power level, and changes in the reverberation level were con-
sidered as denoting changes in the noise power level.

Some basic assumptions were made to determine an un-
acceptable change in the signal-to-noise ratio. These are shown

in Table I.

4
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TABLE I
SUMMARY OF ASSUMPTIONS AND STANDARD CONDITIONS

Assumptions:

i. The sonar system will be operated with a clutter

rate of one mark/second or less.

2. If perturbing the array in some manner causes the

S/N at the beamformer output to be reduced by 3.7

dB relative to the S/N from an unperturbed array

beamformer a side lobe system failure will be

declared.

Standard Conditions:

1. Wind speeds of 4, 12, and 20 knots.

2. Depths of 6,230, 7,550, 13,300 and 16,400 ft.

3. Constant bottom loss = 15.5 dB (i.e., independent

of grazing angle).

4. Propagation loss = 2.16 x 10- 4 dB/yd.

5
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3. COMPUTATIONAL APPROACH

The three-dimensional beam patterns were computed by

means of the procedure outlined in Appendix A. To insure that

the proper source level would be obtained when operating with

element failures, the patterns were normalized to the maximum
of that particular pattern when all elements were operating

properly. Figures 3-1 and 3-2 present contour plots of a 20*
depressed receive beam pattern with all elements operating

properly, and a 200 depressed receive pattern with 31.8%
of the elements inoperative. These figures were obtained from

the printed contour plots as presented in Appendix A.

The beam patterns were used as inputs to the rever-

beration model program. The reverberation model program also

required velocity profile, wind speed, bottom loss, and propaga-
tion loss (Section 2, Table I). A detailed description of the

model appears in a previous report The total reverberation
level as a function of time after transmission with receive
position, wind speed, depression angle, and depth as parameters

was obtained. Figure 3-3 shows the total reverberation level

for a wind speed of 4 knots, depth of 7550 feet, and depression

angle of 200. Graphs for other conditions appear in Appendix B.

The problem of declaring a system failure required

determining a change in the signal-to-noise ratio. The signal

level decrease in dB was considered as the sum of (1) the dif-
ference in the transmit pattern in the proper direction under

normal operation and under operation with element failures, and
(2) the difference in the main lobe response of the receive beam
under normal operation and under operation with element failures.

5
Fowler, Steve, op.cit.

11
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The noise level change in dB was found by subtracting

the reverberation level under normal operation from the level

computed with elements inoperative. The decrease in (S/N) in

dB was then found by adding the signal level decrease to the

change in reverberation level. Figure 3-3 shows the decrease

in (S/N) as a function of time after transmission for a wind

speed of 4 knots and a depth of 7550 ft at five receive posi-

tions. The decrease in (S/N) was averaged over the five receive

positions in order to determine the average change in (S/N).

(See Section 4, Figs. 4-1 and 4-2). The relative locations of

the transmit and receive positions are shown in Appendix B,

Fig. B-1. A system failure was declared if the average (S/N)

decrease was 3.7 dB or greater.

4k

12
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4. SUMMARY AND CONCLUSIONS

The results presented in this section assume that the

sonar is operated with a clutter rate of one mark per second or

less, in which case a decrease in signal-to-noise ratio of 3.7

dB will cause a decrease in signal detection probability from

0.75 to 0.25, and a system failure will be declared. The re-

sults are presented for wide transmit patterns with depression

angles of 200 and 30' . The reverberation model simulates a

triple ping transmission and any number of receive positions, of

which five were chosen. The decrease in signal-to-noise ratio

is averaged over the five positions. It should be noted that

the results of the multiple positions when elements are inopera-

tive is not an exact representation, since at each position a

different array would be encountered in practice, and the model

assumes the same element failures for each position. However,

the average across the five positions is considered representa-

tive of what would be obtained if the element loss configuration

were changed for each position. Three wind speeds and four

depths are considered.

Figures 4-1 and 4-2 show the decrease in the signal-

to-noise ratio averaged over five receive positions for depression

angles of 200 and 300, respectively. The dependence of the de-

crease in S/N on depth, wind speed, and the percentage of inopera-

tive elements is shown.

Operating with 25% random inoperatives for a 200 de-

pression angle, it is concluded that the system operates within

the specified limits (i.e., the decrease in S/N is less than

3.7 dB). However, with 20' depression and 31.8% inoperatives

a definite system failure occurs for depths less than or equal

to 13,300 ft and wind speeds less than or equal to 12 knots.

Operation in the remaining cases is questionable except for a

depth of 16,400 ft and wind speed of 20 knots where the decrease

is within tolerable limits.

17
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For 300 depression and 31.8% inoperatives, a system

failure generally occurs for a wind speed of 4 knots. Operation

is questionable (i.e., the decrease is close to 3.7 dB) for a

wind speed of 12 knots. The system operates properly for a wind

speed of 20 knots.

In the event of 51.5% random element failures, the

performance of the system at either depression angle is totally

unacceptable with respect to bottom bounce operation.

Therefore, it is concluded that operating under the

assumed conditions, the system operates satisfactorily with

25% inoperatives, but a system failure occurs with 51.5% inopera-

tives. A cross-over point (i.e. from acceptable operation to

failure state) is near 31.8% inoperatives but depends on the

different parameters such as depression angle and wind speed.

The decrease in the signal-to-noise ratio generally

increases with decreasing wind speeds. The reason is that the

total reverberation level includes an increasing amount of

surface re --beration as the wind speed increases, and the sur-

face reverberation, in the time window considered 6 is almost

entirely dependent upon the main lobe of the beam pattern. The

effect is that as the main lobe decreases due to element fail-

ures, the reverberation level likewise decreases, and the signal-

to-noise ratio is not affected as much as in the cases where the

reverberation level is affected by the side lobes.

6
Bell, Thaddeus, "Operating the AN/SQS-26 Sonar in the Ocean
Environment (U)", U. S. Navy Underwater Sound Laboratory,
Report 726, Fort Trumbull, New London, Connecticut, 14 April 1966
(Confidential).

18
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Failures of entire layers or staves were not considered

since, in an earlier report 7 , it was shown that such failures

increase the side lobe level substantially, and it was concluded

that failures of that type will cause a system failure.

I

7
Tucker, et. al., op. cit.

19
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APPENDIX A

THREE-DIMENSIONAL BEAM PATTERNS

INTRODUCTION

The technique for computing three-dimensional beam

patterns is essentially the same as that used in earlier investi-

gations at TRACOR I. Although the basic equations are the same,

several modifications have been made for faster computing times.

The modifications, however, are peculiar to a cylindrical trans-

ducer such as the AN/SQS-26 CX.

Computation of the beam patterns is accomplished in the

following manner: (1) Project all elements onto a line defined

by the azimuthal angle a and the depression angle 8; (2) perform

a Fourier transform on the equivalent line array where each ele-

ment is weighted by an appropriate complex weight corresponding

to the shading and phasing factors(shown in Table A-I) and the

individual element response. The improved computation time is

realized by recognizing that the equivalent line array repeats

itself (except for the end elements) at azimuthal angle incre-

ments of five degrees, and also by noting that the individual

phone response is zero at angles, (pj - a), greater than 900

where (cpj - a) is defined in Fig. A-i.

DERIVATIONS AND GEOMETRY

The general form of the Fourier transform is

W(u) = w(x) ej2 rux

X

Fowler, Steve, "Bottom Bounce Reverberation Model and Bottom
Loss Analysis (U)", TRACOR, Inc., Tech. Memo. 66-355-C, Contract

-at NObsr-93140, 16 November 1966, (Confidential).
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TABLE A-I
HORIZONTAL AND VERTICAL PHASINGS AND SHADING FOR AN/SQS-26CX

FOR 200 & 300 DEPRESSION AT MID-FREQUENCY FOR WIDE TRANSMIT

BEAM
HST(300  HSR HPR

STAVE HST(20 0 ) DEPRESSION) (200&300) HPT(20 0 ) HPT(30 0 )(20 0 &300 )

1,24 0.0 0.0 0.315 0.0 0.0 1000.0

2,23 1.0 0.0 0.265 51.0 0.0 845.0

3,22 1.0 1.0 0.315 341.0 296.0 699.0

4,31 1.0 1.0 0.390 272.0 236.0 567.0

5,20 1.0 1.0 0.475 211.0 185.0 440.0

6,19 1.0 1.0 0.570 164.0 142.0 338.0

7,18 1.0 1.0 0.665 116.0 103.0 245.0

8,17 1.0 1.0 0.760 72.0 61.0 162.0

9,16 1.0 1.0 0.850 51.0 39.0 96.0

10,15 1.0 1.0 0.925 19.0 19.0 49.7

11,14 1.0 1.0 0.980 8.0 8.0 17.8

12,13 1.0 1.0 1.000 0.0 0.0 0.0

LAYER VSR VST(20 ° & 300) VPT = VPR(20 ° ) VPT = VPR(300 )

1 1.0 0.0 0.0

2 1.0 59.0 87.0

3 1.0 119.0 174.0

4 1.0 179.0 261.0

5 1.0 238.0 348.0

6 1.0 297.0 435.0

7 1.0 357.0 522.0

8 1.0 416.0 609.0

A2
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The Fourier transform can also be written as

W(u) = 7 [w(x)] [cos(2rux) + j sin(2iux)]

x

Figure A-1 shows the geometry assumed throughout the beam pattern

computations. First, the element staves are projected onto a

plane defined by the azimuthal angle, a. The projections,Ak,

measured from the center of the transducer are given by

Ak = R cos(cpk - a) k = 1, .. , 24 ,

where ck is in increments of 50 frum 32.50 to 147.50 and R is

the radius of the transducer.

Now each element in the plane is projected onto a line

in the plane that passes through the centier of the transducer

and makes an angle, 9, with the horizontal. The angles, a and

9, provide the "look" direction. The projections are given by
cos(cik-9

Eik D ik cos (Cik - A) Aik( cos(Cik) )k

where

Tan-l1i's)
C'ik A kiA kI

A 3
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Now consider,

Bik -cos (2- Ek)

Pi 2 sn(T Ei)

Ck HSTk VST~ [cos[HPTk VPT13W(~-

Dk HSTk VT [sin[HPTk - VPT]) W[(cpk - a), 9],

where

HST k(HSR k) horizontal shading for transmit (receive)

for k th stave,

VST.(VSR.) =vertical shading for transmit (receive)

1t
for it row,

HPT k(HPRk) = horizontal phasing for transmit (receive)

for k th stave,

VPT.(VPRi) =vertical phasing for transmit (receive)
1 1h

for 3t- row.

~~~~ [Ie -sin~qa cose sin(qN-O)]l sin(ga sine)
W qa cosO sin~eka qa sine

wherephone 
response,

q an a element half-width.

A 4
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Let

R(ae) = Z (Ck + j Dik) (Bik + i Pik )

i,k

{(Cik + j Dik) [cos(2TT Eik) + j sin (2 Eik)]
i,k

1 {HSTk  VST i • (k-()] (cos[HPTk-VPTi]

i,k

+ j sin[HPTk-VPTi]} [cos(!-' Eik) + j sin(-Z Eik)]}

2rT

R(a,e) 7 HST1 VST W[cpk-a),l eJ[ X Eik + (HPTk-VPTi)]
i,k

which is the form of the Fourier transform. To find an expres-

sion for the intensity we multiply R(a,e) by its complex con-

jugate, i.e.

i I = [R(a,e)] [R(a,e)]*

The number of sine and cosine functions that must be computed is

decreased considerably by considering R(a,e) in the following

form:
jcos(-T E2) sin( E

R(,e) =L {(Cik + j Dik) XE + Eik).

i,k

The argument Eik is repeated (except for the end elements) at

regular alpha increments, and therefore for a given value of
depression angle a table of sine and cosine values is tabulated

and referenced as required and not computed for each azimuthal

angle. The size of the table is reduced by realizing that the

phone response is zero for values of (cpk - a) > 900.

i ,

A 5

CONFIDENTIAL



CONFIDENTIAL
TRACOR, INC. 6500 TRACOR LANE. AUSTIN, TEXAS 78721

It should be noted that repetition of the exponential

argument occurs only in the case of cylindrical arrays. There-

fore, the time savings realized by tabulating the sine and cosine

values would be lost in the case of transducer arrays of different

shapes.

Figures A-2 through A-15 show constant depression angle

slices through the main lobe of the three-dimensional beam patterns

used in this study. The patterns are presented for two depression

angles and various numbers of element failures. Three-dimensional

printed contour plots of all beam patterns are shown in Figs.A-17

through A-30. Instead of plotting lines of constant power the

power associated with each (a,@) pair is plotted to an accuracy

of one dB and presented as a unique symbol. For example, if for

a=1180 and 9=330, the power associated with that point was 17.3

dB, then the letter, H, corresponding to 17 dB would be printed

on the line 118 and 33 spaces from the right hand margin. Figure

A-16 shows the power associated with each unique symbol. It is

noted that the fractional part of the power is ignored in con-

structing these plots (e.g., all powers between 10 dB and 11 dB

are rounded to 10 dB).

Table A-II gives the row number and column (stave)

number of the elements that were deleted in cases corresponding

to the different percentages of inoperatives.

I
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TABLE A-II

LAYER AND STAVE NUMBER OF DIFFERENT NUMBER INOPERATIVES

USED IN COMPUTING PERTURBED BEAM PATTERNS

Row 31.8%(61) 25.0%(41) 51.5%(99)

1 2,3,11,13,15,18,20, 4,8,12,13,17,24 3,4,5,8,9,10,11,14,

21,24 15,18,22

2 2,3,10,12,13,18,20, 1,8,14,17,21,22 4,5,7,8,9,10,13,14,

24 15,17,19,21

3 2,5,7,10,14,18,21, 1,14,21,23 1,3,4,5,7,8,10,11,

22,23 12,14,15,16,17,18,

19,21,22,23

4 1,2,6,10,12,14,15 1,4,13,14,16,20, 3,6,10,13,14,20,21,

16,18,21,23,24 22,24 24

5 3,11,19,22,23 8,12,18,21,23 5,7,8,9,12,14,15,

16,17,22,23,24

6 10,11,15,19,20,24 4,11,14,16,20,21, 1,2,5,6,10,11,13,

22 14,15,20,21,22,23,24

7 1,5,7,12 1,2,13,14,21 5,6,8,11,12,13,15,16

17,19,20,22,24

8 6,7,9,12,13,15,18, 4,5,7,8,9,18,22 3,6,8,9,10,12,15,18,

20 20,22,24

A7
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Power Level Power Level
Symbol (dB) Symbol (dB)

0= 0 w = -32
I = -1 X = -33
2= -2 Y = -34
3 -3 Z = -35
4 -4 W -= -36
5= -5 1 = -37
6 -b -38
7= -7 = -39
8 -8 = -40
9 -9 - -41
A -10 -42
b= -11 - -43
C = -12 + = -44
D -13 < = -45
E = -14 = = -46
F = -15 > = -47
G = -16 & = -48
H = -17 $ = -49
I = -18 * -50
J = -19 ( = -51
K = -20 = -52
L = -1 -53
M = -22 ? -54
N = -23 = -55
0 -24 -56
P = -25 = -57

= -Z6 -56
R = -27 / = -59
S = -28 = -60
T = -29 - -b1
U = -30 =-2
V -31

FIGURE A-16 POWER LEVEL CORRESPONDING TO

SYMBOL FOR PRINTED CONTOUR PLOTS
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APPENDIX B

DETAILED REVERBERATION ANALYSIS

This appendix presents more detailed results of the

reverberation level analysis. For the wide transmit beam, the

model predicts the reverberation for triple ping, and any number

of receive positions. To avoid the complexity of using all

possible receive positions only five representative positions

were used. Figure B-1 shows the relative locations of the trans-

mit and receive positions. The multiple positions are not an

exact representation when element failures occur, since the same

array is assumed at each position. For example, consider an

array of seven transducers as shown in Fig.B-2. Suppose that for

a given transmit or receive sequence, only three elements are

used (i.e., for position No.1 elements 1,2, and 3 are used; for

position No.2 elements 3,4,5 are used, etc.). If elements 1,4,

and 7 fail, then at each position, a different array is encount-

ered. At position No.1, only elements 2 and 3 are now operating,

at position No.2 elements 3 and 5 are operating, and at position

No.3 elements 5 and 6 are operating. Therefore, at each position

a different array is encountered, but the reverberation model does

not take this into account and considers the same array at each

position even though certain failures have occurred.

The reverberation level is considered as a function of

Itime after transmission and dependent on such parameters as beam

patterns, depth, wind speed, etc. The model is essentially the4I 1
same as that described in a previous report I .

To determine the signal level decrease, the source level

at each receive position is determined from the transmit beam

i
Fowler, Steve, "Bottom Bounce Reverberation Model and Bottom
Loss Analysis (U)", TRACOR, Inc., Tech. Memo. 66-355-C,
Contract NObsr-93140, 16 November 1966 (Confidential).

B I
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pattern, and the signal loss encountered due to the decrease in

the level of the receive beam pattern. Table B-I shows the source

level for the transmit pattern at each receive position, the sig-

nal loss due to the receive pattern, and the total signal loss

for each percentage of inoperatives. The total signal loss in

dB is added to the change in reverberation level, and the de-

crease in the signal-to-noise ratio thus obtained.

Figures B-3 through B-26 show the total reverberation

level and the decrease in signal-to-noise ratio as a function

of time after transmission for each of the different depths, wind

speeds, and numbers of element failures.

iI
)I

/I(I
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TABLE B-I

SIGNAL LEVEL DECREASE FOR EACH RECEIVE POSITION

, 300 DEPRESS. WIDE 200 DEPRESS. WIDE
IRC XMIT SIGNAL LEVEL XMIT SIGNAL LEVEL

0% 31.8% 51,8. 0% 25% 31.8% 51.5%

1 35.635 31.708 26.258 35.762 32.489 33.324 25.672

2 34.427 32.604 28.017 35.803 31.963 33.193 29.578

3 35.635 31.708 26.258 35.762 32.489 33.324 25.672

4 34.427 31.622 28.340 35.803 34.137 33.706 30.134

5 35.635 32.980 29.417 35.762 33.713 31.796 29.547

300 REC. SIG. LEVEL DECREASE 200 REC. SIG. LEVEL DECREASE

31.8% 51.5% 25% 31.8% 51.5%

3.117 7.413 2.300 3.260 7.092

TOTAL SIGNAL LEVEL DECREASE

300 200

IRC 31.8% 51.5% 25% 31.8% 51.5%

1 3.927 16.790 5.573 5.698 17.182

2 4.940 13.823 6.140 5.870 13.317

3 3.927 16.790 5.573 5.698 17.182

4 5.922 13.50b 3.966 5.337 12.761

5 5.772 13.631 4.349 7.226 13.307I
NOTE: IRC - Receive Position Number

B 3
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